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' (-h ' Entanglement is one of the most intriguing features of quantum mechan- 

P-i ics. It gives rise to peculiar correlations which cannot be reproduced by a 

■^ large class of alternative theories, the so-called hidden- variable models, that 

C^ use parameters in addition to the wave-function. This incompatibility was 

^ , quantified through the celebrated Bell inequalities (l}|3], and more recently 

I— I through new inequalities due to Leggett |4|-[6] . Experiments confirm the pre- 



dictions of quantum mechanics [6 18 . However, this does not imply that 

J> quantum mechanics is the ultimate theory, unsusceptible of improvement, 

P^ nor that quantum mechanics is essentially non-local. The theories ruled out 

(T^ by Bell and Leggett inequalities are required to satisfy some hypotheses, none 

O of which is implied by locality alone. By dropping one or more hypotheses, 

P;~ it is possible not only to violate said inequalities, but to reproduce the quan- 

^^ tum mechanical predictions altogether [5 19 25 . So far, the models proposed 



were only mathematical constructs. In this paper we provide a classical real- 



ization of two 22,24 of these models, using local classical resources, without 



K> recurring to any type of communication among the involved parties. The 

H resources consist in two baseballs, two bats, and a number of synchronized 

watches. Our results demonstrate the possibility of reproducing the quan- 
tum mechanical correlations, and even creating stronger correlations which 
provide the maximum violation of the Bell inequality, beyond the Cirel'son 



bound 26 for quantum mechanics. 

Let us consider the following setup depicted in Fig. [T| there is a sophisti- 
cated baseball pitching machine able to pitch two balls spinning with angular 
velocities u} and —u} (with u fixed) in opposite directions. The balls are ap- 
proximatedly a rigid body and have spherical symmetry. They are pitched 




Figure 1: Scheme of the setup. 



with fixed center-of-mass velocities in a vacuum (so that the spin does not 
infiuence the center-of-mass trajectory through the Magnus effect) such that 
their centers of mass follow given trajectories each ending in a bat controlled 
by an independent system. Each bat is carefully crafted to be a solid of 
revolution, its center of mass is being held fixed, and a machine varies the 
orientation n of the bat's symmetry axis. It is empirically found that a ball 
pitched with a; = uu, after hitting a bat whose axis is oriented along n, will 
fall in the foul ground with a frequency (1 — n ■ u)/2, and in the fair ground 
with the complementary frequency (1 -|- n ■ u)/2. Due to our politically in- 
correct bias against negative numbers, we shall associate the value a = —1 
to the event of the ball being batted in the foul ground, and a = +1 to 
the alternative event. The pitching machine varies the spin of the two balls 
according to the following algorithm: it fiips a fair coin, and according to the 
result, heads H or tails T, it consults either of two internal watches, Wh and 
Wt- Each watch is built so that the small hand has a period Ty^^s and the 
large hand r^^^, with w G {H, T}. Unlike what happens in ordinary watches, 
any two of the four periods are mutually incommensurable. The positions 
of the hands are used to determine a unit vector n. This may happen in 
a straightforward fashion, as depitced in Fig. |2] or by using a Montecarlo 
algorithm, so that an external observer could not predict what spin is cho- 




Figure 2: A unit vector is associated with the hands of a watch. 



sen, even knowing the periods of the watches. The machine will then pitch 
a ball spinning along n to the left, and one spinning along — n to the right, 
or viceversa, according to another coin flip, with outcome d G {H,T}. 

The batting machine to the right possesses a watch W'^j, and the one 
to the left a watch W^, which have the same periods as the watches of the 
pitching machine, but are engineered to rotate counterclockwise, and are 
synchronized so that each hand of VF^ passes through the conventional zero 
position at the same time the corresponding hand of W^ does. Thus the sum 
of the times indicated by the hand h, h E {s, I}, of the watches Ww and W^ 
is zero modulo r^,/i, i.e., we have four conserved quantities. Each batting 
machine is using the same algorithm as the pitching machine to determine 
the value of n^, but it is subtracting from the input values t^^h the number 
At (mod Xu;,/i), where At is the time-of-flight of the ball. 

We remind that the probability of the outcome a for a ball spinning in 



the direction u and hitting a bat oriented along n is 

P.(n,u) = ^[l + an-u]. (1) 

It is easy to check that the expected joint frequency of observing the outcomes 
0", r to the left and to the right when the respective bats have orientations 
nL,nji (still guided by politically incorrect bias, we identify the indices T = 
L = -l, H = R=l) is 



PaA^L, n/j) = / dndv p(u, v|nL, nij)P„(nL, u)P^(nij, v) 

= - [1 - (TTiiL ■ nn] , (2) 

with the density 

p(u,v|nL,n/j) = -(5(u + v)^(5(u-rfn^) (3) 

This model constitutes the realization, through local classical resources. 



of the construction proposed in Ref. 24 . While in the cited paper the model 



was presented as non-local, since it can be realized also through a hypothet- 
ical non-local interaction for which the fixing of the ni,nji determines the 
possible values of u, v, it was hinted that a local realization is possible. Here, 
we have just presented this realization. We notice that the batting machines 
are devoid of "free will", since the directions ni,n/j are determined, while 
the pitching machine has two binary choices, first in choosing either watch, 
then in choosing which ball to pitch towards, e.g., left. Indeed, using the 



"free will" quantifier introduced in Ref. 22 , we have that 

M = sup / rfurfv|p(u,v|nL,n/j,) -p(u,v|n'j^,n'^)| =2. (4) 

This is the maximum value of M and corresponds to the absence of "free 
will". 

Ref. ^2] proposes a different decomposition of the quantum mechanical 
probability, through a model which has the maximum "free will" compatible 
with quantum mechanics, and deterministic outcomes: 

p u,vnL,nij =5 u + v -, (5) 

8 arccos / (u, v, n^, n/j) 

4 



where 

/(u, V, ul, nn) = sgn(u • nL)sgn(v • n^) hl ■ n^, (6) 

and sgn(x) = 1 for x > 0, sgn(x) = — 1 for x < 0. The probabihty of the 
outcomes, given u, v, is deterministic 

-Po-,r(u, V, rij^, ri/j) = (5cr,sgn(u-ni,)^T,sgn(v-nfl)- (7) 



It is immediate to reahze that the model of Ref. 22 can be reproduced 
by changing the algorithm used by the pitching machine. Now the pitching 
machine will use both watches Wh, Wt to determine two unit vectors thr, n^. 
The pitcher is in possession of a third watch Wq, whose hands determine a 
unit vector u. The third watch, however, is not ticking regularly, but it is 
coupled to the watches Wr and Wl in such a way that the hands correspond 
to the vector u, for given n/,, riij, with the frequency 

nuni,n/j =- -. (8) 

8 arccos / (u, -u, n^, n^) 

The pitcher will then proceed to pitch two balls, the first, spinning about u, 
to the left, and the second, spinning about — u, to the right. The other pa- 
rameters of the procedure w, v are readjusted such that a ball spinning around 
u hitting a bat oriented along n will give the outcome a with probability 

P^(u,n) = (5^,sgn(u-n)- (9) 

The batters, on the other hand, keep using the former algorithm in order 
to determine n^, wr. A problem revealed by this realization is that the 
"free will" of the batting machines is still determined as before. The model, 
however, admits the following alternative realization: the pitching machine 
and the two batting machines possess an identical watch Wq each. In addition 
to VFo, the batters possess two pairs of identical watches Wl, Wr each. The 
pitching machine chooses a random direction u according to Wq, as specified 
above, but with Wq ticking freely now, so that the probability is uniformly 
distributed. At the moment of the pitching (or afterwards), the batting 
machines determine the same two vectors n^, wr by looking at their watches 
Wl, Wr. Now, however, these watches are coupled to Wq in such a way that 
they are influenced by it. For a given value of u, the vectors n^, n^^ appear 
with the following probability density 

n2(nL,nR|u) = -— n(u|nL,nR), (10) 

47r 
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Figure 3: A possible configuration allowing S = 4 for the probability of 



Eq. (11) 



with n(u|n£,,n^) given in Eq. (pi). The left batting machine will pick the 
first vector, and the right one the second. In this second realization, the "free 
will" of the batters is preserved at the expense of the pitcher's. It seems thus 



that the measure M introduced in Ref. 22 quantifies the maximum "free 



will" that the receiving stations may possibly have, but does not imply that 
they actually have it, since a "slave will" realization of the same probability 
distribution is possible. 

Finally, we show that with the same classical setup it is possible to vi- 
olate the Cirel'son bound, which establishes the maximum violation of Bell 
inequality that quantum mechanics can achieve (2a/2, when the Bell limit is 
2). All we need to do is to mix the two models of Ref. 1221 and (241: the 



balls are pitched with velocities such that Eq. ^ holds. The distribution of 
spins, however, obeys Eq. (|3|, not Eq. ([s]). This gives the joint probability 



PaA^L^nn) = -[1 



(jrsgn(nL ■ ur)] 



(11) 



The correlator is thus 



C(nL, ur) = -sgn(nL ■ ur), 



(12) 



and the Clauser-Horne parameter £ = |C(nj^, nji) + C{n'^, nji) + C{nL, n'j^) — 
C{n'i^, n'^)| reaches the value 4 for infinitely many choices of the orientations, 
one of which is given in Fig. [3j 

In conclusion, we have provided a realization, through classical means in- 
volving no communication (local or non-local), of the probabilities predicted 
by quantum mechanics for a spin singlet. While the theoretical possibility 
of such a decomposition was already enunciated [l9] , and two models were 



suggested in the recent literature 22 ,24], so far no realization of these models 
was presented. Furthermore, by combining the two models above, we have 
managed to get correlations stronger than the quantum mechanical ones, so 
that the Clauser-Horne parameter reaches the maximum value, 4. 
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de Minas Gerais through Process No. APQ-02804-10. 
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